Although cystic fibrosis (CF) is a monogenic autosomal recessive disorder caused by mutations in the gene encoding cystic fibrosis transmembrane conductance regulator (CFTR), clinical heterogeneity causes diagnostic uncertainty in infants without symptoms and in older patients with milder phenotypes; in CF, as in other disorders, genotype does not necessarily predict phenotype. Before widespread newborn screening (implemented nationwide in the USA in 2010), CF was typically diagnosed in young children based on clinical features, elevated sweat chloride levels ≥60 mmol/l, and/or documentation of two disease-causing mutations in CFTR (1) . Despite the advent of newborn screening and improved knowledge about CFTR genetics (2) , CF diagnosis remains complex for many reasons (1, 3) , such as inconclusive sweat chloride values (4, 5) , CFTR mutations of uncertain pathogenicity (2) , and differential expression of CFTR or modifier effects (6) . Additionally, classes I-III CFTR mutations that typically lead to classic cases of CF may not cause symptoms in infants and young children (7, 8) . Thus, the CF phenotype ranges from the absence of disease symptoms to severe, life-shortening lung disease (9) .
Concurrent with the rapid implementation of nationwide newborn screening for CF, patients with CFTR-associated abnormalities such as CFTR-related disease (CFTR-RD) and CFTR-related metabolic syndrome (CRMS), but not CF, were recognized. However, the literature contains limited data on these cases, and no prospective longitudinal studies have been reported. Recently established diagnostic categories attempt to close this gap, but with mixed results in terms of accepted validity, implementation, and physician compliance with current consensus guidelines (7, 10, 11) . CFTR-RD is a clinical entity that is associated with CFTR dysfunction but does not fulfill the diagnostic criteria for CF. CFTR-RD encompasses symptomatic individuals who have sweat chloride values <60 mmol/l and up to two CFTR mutations, at least one of which is not clearly categorized as a CF-causing mutation (7, 12, 13) . The designation CRMS was established (and is generally used in the USA) to address asymptomatic infants with high levels of immunoreactive trypsinogen (IRT; >96th percentile), one CFTR mutation, and sweat chloride levels <60 mmol/l (10, 14, 15) . However, this term was unacceptable in Europe, where another designation (CF screen positive, inconclusive diagnosis) was recently proposed (16) . This array of genetic diseases will require substantial genetic and clinical data to resolve (3) . As summarized in a recent editorial (3) , 'with such a complex family of CFTR-associated disorders and limited data on long term outcomes, it is not surprising that confusion and controversy have surfaced internationally regarding both diagnosis and clinical management. ' Consensus practice guidelines, including genetic counseling, for patients categorized as CFTR-RD or CRMS have been developed based on recommendations from the Cystic Fibrosis Foundation (CFF) and the European Cystic Fibrosis Society (13, 14) . Inconsistencies and misclassification of patients indicate that current guidelines are difficult, if not impossible, to apply (3, 4, 17) . Furthermore, consensus guidelines do not address the classification and treatment of asymptomatic patients with two CFTR mutations or normal sweat chloride levels, nor do they provide guidance on the use of rapidly developing genomic technologies (3) .
To assess the current applicability of CFF and European Cystic Fibrosis Society consensus proposals (7, 10, (12) (13) (14) ; here, we evaluated a comprehensive set of clinical and laboratory descriptors for 376 patients who were either identified and systematically monitored (1994-2012) through the Wisconsin Newborn-Screening Program with elevated IRT levels or who presented with symptoms associated with CF. We examined patient demographics, clinical measures, sweat chloride levels, CFTR genotype, age at diagnosis, airway microbiology, pancreatic function, infection, and nutritional status. In addition to patients whose findings met current diagnostic criteria for CF, our cohort included patients found to have two CFTR mutations and normal sweat chloride levels; these patients pose a diagnostic challenge for clinicians and are not addressed in current guidelines.
Methods

Patient demographics
We performed a cross-sectional evaluation of 376 individuals diagnosed and followed from their time of referral to the Children's Hospital of Wisconsin and the American Family Children's Hospital CF centers in Milwaukee and Madison, Wisconsin, USA (Fig. 1 ). Participants were referred to our CF centers through routine newborn screening, which began in Wisconsin in 1994, or because they displayed clinical symptoms consistent with CF. Wisconsin includes IRT, DNA, and sweat chloride evaluations in its CF newborn-screening algorithm, as described elsewhere (1, 18) . IRT data on 660,443 newborns born between 1 July 1994 and 30 June 2012 were collected from Wisconsin State Laboratory of Hygiene databases and de-identified for analysis.
We sought to compare patient classification by treating pediatric pulmonologists with classifications recommended by current consensus guidelines. We therefore evaluated pilocarpine iontophoresis sweat chloride levels tested in a standardized manner in accordance with CFF guidelines (18, 19) , pancreatic status based on levels of stool elastase, CFTR mutation class, and information about the phenotypes of CFTR mutations (7, 10, 12, 20) . CF patients were included only if they had been evaluated at the CF Center at least once per year. Yearly visits were prospectively scheduled; clinical evaluation was performed and laboratory data were obtained, including sputum culture. To be included in our analyses, patients needed to have at least one sweat chloride value and/or known CFTR genotype and follow-up at least once per year.
Individuals with sweat chloride levels ≥60 mmol/l, pancreatic insufficiency, and/or two disease-causing CFTR mutations (classes I-III) were classified as CF. Patients in whom residual pancreatic function was evident upon evaluation of stool elastase levels (pancreatic insufficiency was defined as stool elastase <200 μg pancreatic elastase per gram of stool) were also categorized as CF. In addition, CF categorization included patients with the following class IV and V mutations previously described as resulting in phenotypes consistent with CF: 3849+10KbC>T, 2789+5G>A, p.Arg117His in cis with 5T, and p.Arg347Pro (13) . However, patients with p.Arg117His with 7T/9T mutations were not considered to have classical CF (21) .
CFTR-RD was defined as a symptomatic infant/child with either sweat chloride concentrations of 30-59 mmol/l (age <6 months) or 40-59 mmol/l (age ≥6 months) on at least two occasions and/or full CFTR sequencing with two CFTR mutations in trans, of which no more than one is known to cause CF, or a sweat chloride concentration <30 mmol/l (age <6 months) or <40 mmol/l (age ≥6 months). When genetic testing revealed two mutations and intermediate or normal sweat chloride levels, additional family evaluation (parental haplotyping) was performed to confirm that the mutations were in trans. Other patients classified as CFTR-RD were referred to our CF centers from other states that had not implemented newborn screening and/or came to clinical attention because of symptoms in one organ system such as congenital bilateral absence of the vas deferens, bronchiectasis, or pancreatitis.
Asymptomatic hypertrypsinogenemic infants with sweat chloride levels <60 mmol/l and/or at least one CFTR mutation with a non-classical CF genotype (classes IV and V) were classified as exhibiting CRMS. Individuals were also classified as CRMS if they harbored CFTR mutations R117H (p.Arg117His) in cis with 7T and/or 5T in cis with 11 or more TG repeats. This classification was consistent with published guidelines (10, 12) recommending the CRMS diagnosis for asymptomatic infants with intermediate sweat chloride levels on at least two occasions and fewer than two CF-causing mutations, or normal sweat chloride levels and two CFTR mutations, no more than one of which is disease-causing, as described above. Exceptions to this categorization included five patients whose IRT values at birth were unknown due to adoption and unknown parentage, home births in which IRT levels were not measured, and/or referral to our center from states in which CF newborn screening was not implemented. In these five cases, diagnoses were based on the appearance or absence of clinical symptoms, sweat chloride levels, and genotype. When a diagnosis of CRMS was made in infancy and the patient continued to lack symptoms consistent with CF, the patient remained categorized as CRMS. Although Borowitz et al. (10) originally implied that the CRMS diagnosis was restricted to infancy, its usage has extended to older children and indeed has needed to be applied at later ages (4, 17, 22) .
This study was approved by the Institutional Review Board of the Children's Hospital of Wisconsin (CHW 07/72, GC 390, CTSI 847). Informed written consent was obtained from parents/legal guardians. This study was deemed exempt from review by the University of Wisconsin-Madison's Institutional Review Board.
CFTR genotyping
CFTR genotyping was performed at the time of diagnosis or later when the subject was diagnosed prior to the availability of genetic testing. Patients identified via newborn screening were evaluated by the Wisconsin Newborn Screening Laboratory (1) for the panel of 23 CFTR mutations recommended by the American College of Medical Genetics (23) . Additional genetic testing was carried out for patients with one identified mutation, including expanded mutation panel testing (Genzyme Genetics, Cambridge, MA), modified temporal temperature gradient electrophoresis of CFTR (Ambry Genetics, Aliso Viejo, CA), and multiplex ligation-dependent probe amplification for deletions and duplications (Ambry Genetics). Current CFTR mutations were defined according to the CFTR2 database (2, 24) or the Human Genome Variation Society (legacy name) nomenclature as available (http://www.hgvs.org/).
Data collection and clinical assessment
We utilized data from clinical and laboratory databases (Sunrise Clinical Data Manager) and PortCF (the United States CF patient registry) (25) to compare physician diagnoses with consensus-based diagnoses in terms of sweat chloride levels, CFTR genotype, age at diagnosis, airway microbiology, pancreatic status, and other relevant clinical symptoms and CF co-morbidities such as nutritional status (weight, length, height, and body mass index) as defined by CFF practice guidelines (7, 14) . Failure to thrive was defined as weight/length ratio <10th percentile in patients younger than 2 years of age and body mass index <10th percentile for age in children older than 2 years or a lack of weight gain over a 3-6 month period. Sputum microbiological data were obtained through Sunrise Clinical Manager medical record system and cross-checked with PortCF. If a paper copy of microbiology results was unavailable or no record existed in Sunrise Clinical Manager, PortCF data were utilized exclusively for evaluation of the year's culture results.
Infection with respiratory pathogens
Infection was classified as two positive microbiological growths on oropharyngeal, sputum, and/or bronchoalveolar lavage specimens within the year of evaluation. As Children's Hospital of Wisconsin and the American Family Children's Hospital are accredited CF Care Centers, patients received standard CF care for antibiotic treatment as outlined by guidelines for detection and recording of infection (26) .
Algorithm development and validation
Recursive partitioning (CART ® , Salford Systems, San Diego, CA,) a statistical methodology that creates a regression tree according to prognostic significance, was used to perform a second, automated categorization of patients according to sweat chloride levels (categorized as 0-29, 30-59, or ≥60 mmol/l), with number of p.Phe508del mutations, pancreatic sufficiency, and gender as covariates. This unique secondary diagnostic categorization was independent of the clinical diagnosis from current practice guidelines. In developing an algorithm for patient classification, we implemented an automated bootstrap approach that excluded 10 randomly selected samples of the inclusion cohort. Optimization was performed using a Gini splitting rule, which is a function of the proportion and (1-proportion) of cases assigned to each node by a binary split; no node was split if it contained fewer than 15 patients, and the final node was required to contain five or more patients. Utilizing the recursive partitioning decision analysis software, categorization as CF, CFTR-RD, or CRMS was used as the outcome. The results of this analysis were then compared with the physician diagnostic classification.
Statistical analysis
Non-parametric Kruskal-Wallis and Mann-Whitney tests were used to compare continuous variables for CF groups, and chi-squared or Fisher-Halton exact tests were used to compare categorical variables. Pearson's and Spearman's correlations were used to examine relationships between continuous variables, as appropriate. We separated the two most common genotypes within our CRMS cohort, p.Phe508del/5T-12TG and p.Phe508del/R117H-7T (p.Arg117His), into subgroups for further analysis of sweat chloride means and ranges. p-values <0.05 were considered significant. Cytel StatXact (Cytel Studio, version 8, Cytel Inc., Boston, MA), Salford CART (version 6, Salford Systems), and SPSS (version22, IBM Corporation, Armonk, NY) were used for all statistical analyses.
Results
Demographics
Universal newborn screening, standard mutation panels, and/or referral for evaluation of clinical symptoms allowed us to initially identify cases of CF (300/376, 80%), CRMS (57/376, 15%), and CFTR-RD (19/376, 5%) in Wisconsin. The CF cohort had a higher median age at diagnosis than the CFTR-RD and CRMS cohorts (Table 1 ) because a greater percentage of those patients were referred and diagnosed before universal newborn screening was implemented in surrounding states and/or because the patients presented with symptoms later (Table 1) . Several adult patients were diagnosed and followed as part of Wisconsin's 20-year history of newborn-screening implementation program (27) (28) (29) (30) (31) .
IRT and sweat chloride levels
As expected, IRT levels were significantly higher in CF, CFTR-RD, and CRMS patients than in a normal birth population cohort (mean 24.6 ng/ml, p ≤ 0.001). IRT levels were significantly higher in CF patients (median 171 ng/ml, range: 32-481 ng/ml) than in CFTR-RD patients (median 106 ng/ml, range: 64-161 ng/ml) or CRMS patients (94 ng/ml, range: 47-262 ng/ml; p ≤ 0.001; (Table 1) . If these patients' diagnoses had been based solely on sweat chloride levels, these CFTR-RD patients would have been misdiagnosed as CF (7, 32) . Interestingly, 4/18 (22%) CFTR-RD patients and 14/52 (27%) CRMS patients had normal sweat chloride values (<30 mmol/l) in concert with known CFTR mutations ( Table 2 ). Unlike the low penetrance of R117H (p.Arg117His) reported in a French population (21), 16/18 (89%) patients classified as either CFTR-RD or CRMS in our cohort had at least one R117H (p.Arg117His) mutation. Within the CFTR2 database (http://www.cftr2.org), 793/35,000 (2%) patients had the R117H (p.Arg117His) mutation. With the exception of the five patients lacking newborn-screening data (see Patient demographics in Methods), this group of patients (with sweat chloride levels <30 mmol/l and classified as CFTR-RD and CRMS) came to clinical attention because of elevated IRT levels on newborn screening. 
CF, cystic fibrosis; CFTR-RD, cystic fibrosis transmembrane regulator-related disease; CRMS, cystic fibrosis transmembrane regulator-related metabolic syndrome; FTT, failure to thrive; IRT, immunoreactive trypsinogen; MRSA, methicillin-resistant Staphylococcus aureus; PA, Pseudomonas aeruginosa. a Sweat chloride measurements are report. b Microbiological growth on oropharyngeal, sputum, and/or bronchoalveolar lavage specimens from the time poinst closest to diagnosis. c Exceptions noted in manuscript text.
CFTR genotype
Complete lists of mutations in both alleles for the CF, CFTR-RD, and CRMS cohorts appear in Tables  S1, S2 , and S3, respectively (Supporting Information). Descriptions of CF genotypes typically assume that mutations with residual function are phenotypically dominant. For the CF cohort, 275/300 (92%) of subjects carried p.Phe508del (class II) as the more common mutation; 3/300 (3%) carried the G551D (p.Gly551Asp, class III) mutation as the more common mutation, and 2/300 (3%) carried the N1303K (p.Asn1303Lys, class II) mutation as the more common mutation. Similarly, 12/19 (63%) and 48/57 (84%) of the CFTR-RD and CRMS cohorts, respectively, harbored p.Phe508del as the more common mutation. Only 1/57 (2%) CRMS patients carried the R117H-7T (p.Arg117His, class IV) mutation as the more common mutation.
Patients with a single p.Phe508del mutation and a class IV or V mutation with residual CFTR function exhibited milder disease phenotypes, consistent with previous observations (Tables 1 and 3 ) (33) (34) (35) . In the CF cohort, 143/300 (48%) of individuals had p.Phe508del as their secondary mutation, followed by 9/300 (3%) with G551D (p.Gly551Asp) and 14/300 (5%) with G542X (p.Gly542X, class I). In the CFTR-RD cohort, 7/19 (37%) harbored R117H-7T (p. Arg117His) as the secondary mutation, followed by 3/19 (16%) with 5T-12TG (class V). CRMS patients were likely to have R117H-7T (p.Arg117His) (36/57; 63%) or 5T-12TG (4/57; 7%) as their secondary mutation, while 2/57 (4%) CRMS patients carried the 5T-11TG mutation (class V).
Within our CFTR-RD cohort, we identified CFTR mutations that had been previously characterized as classes III and IV and consistent with CFTR-RD (36). As noted above, 7/19 (37%) individuals had at least one R117H-7T allele (p.Arg117His). Of these, 3/19 (16%) individuals had at least one 5T-12TG allele (Table  S2 ). As shown in Table 2 , the seven subjects carrying R117H-7T (p.Arg117His) had a median sweat chloride level of 31 mmol/l (range: 22.7-45.5 mmol/l), and the three subjects harboring 5T-12TG had a median sweat chloride level of 44 mmol/l (range: 38.1-54.9 mmol/l). These observations confirm previous reports that the R117H (p. Arg117His) and 5T-12TG mutations often correspond to mild forms of CF with few or no pulmonary symptoms (2, 37, 38) .
CFTR deletions and duplications were identified in five patients with CF (Table S1 ). No patients with CFTR-RD or CRMS carried deletions or duplications (Tables S2  and S3 , respectively); these individuals with CFTR deletions or duplications expressed clinical symptoms similar to those of patients homozygous for p.Phe508del.
Utility of automated patient re-categorization
To test the utility of applying our comprehensive dataset for extending CF-related diagnoses beyond current consensus-based guidelines, we pooled all patients and their data and used recursive partitioning to create a regression tree, allowing us to perform an automated secondary re-categorization that was blinded to the initial patient classification by the physician but based on all available measurements. Classification tree analyses randomly selected the cut-off values to substratify and define the patient groups. This automated analysis successfully differentiated CRMS from CFTR-RD and CF on the basis of sweat chloride levels, pancreatic insufficiency or sufficiency, and the number of p.F508 alleles (Fig. 2) . However, the algorithm assigned no patient to a different diagnosis group, confirming that our physicians used consensus guidelines when diagnosing, nor did any patient exhibit subsequent signs or symptoms that would indicate a need for different classification. In the CART model, sweat chloride levels ≤60 mmol/l were the best initial delineator of the three clinical categories (CF, CFTR-RD, and CRMS). Continued analyses of recursive partitioning showed that the number of p.Phe508del mutations, sweat chloride levels ≤40 mmol/l, and pancreatic sufficiency further clarified clinical categorizations (Fig. 2) .
Other distinguishing clinical features in the three cohorts As expected, 83% (245/294) of the CF cohort was pancreatic insufficient, while none of the CFTR-RD and CRMS patients were insufficient (p ≤ 0.001; Table 1 ). Failure to thrive was most evident in the CF group (81/294; 28%; Table 1 ). In contrast, 16% (3/19) of CFTR-RD patients and 2% (1/52) of CRMS patients were diagnosed with failure to thrive, rates that were significantly lower than in the CF group (p ≤ 0.001; Table 1 ). Eighty percent (239/300) of CF patients had bacterial cultures positive for Pseudomonas aeruginosa. P. aeruginosa was also found in CFTR-RD (6/19; 32%) and CRMS patients (22/57; 39%; Table 1 ). Within the Milwaukee cohort, 22% of CF patients yielded cultures of methicillin-resistant Staphylococcus aureus, compared with none of the CFTR-RD patients and only 2% of the CRMS patients (p ≤ 0.001; data not shown). Figure 3 graphically summarizes the clinical characteristics of our CF, CFTR-RD, and CRMS cohorts according to sweat chloride level, pancreatic status, mutation classification, and clinical spectrum (3).
Discussion
Utilizing the largest cohort of CF patients described to date, we characterized patient clinical status and investigated novel methods to distinguish CF patients from those with CFTR-RD and CRMS. Our initial definitions of CFTR-RD and CRMS were in accordance with those endorsed by the CFF consensus report (12, 14) , as were the diagnoses of our physicians, but the spectrum of clinical phenotypes and the pleiotropy of clinical presentations complicate diagnosis and prognosis (3, 39) , prompting us to expand our analysis to address the complex relationship between genotype and phenotype in CF. Our data from Wisconsin suggest that in a typical US population, the distribution of CFTR-associated disorders is approximately 80% CF, 15% CRMS, and 5% CFTR-RD, similar to a previous analysis of CF Foundation registry data (17) . It has become increasingly well known from recent studies in Wisconsin and elsewhere, as well as from data in the CF Foundation Patient Registry data, that ∼1/3 of CF patients diagnosed early through newborn-screening experience growth retardation (40) . The 28% of patients in the CF group with failure to thrive despite comprehensive nutritional care is in accordance with international experience (41) and suggests that care providers should better understand the factors (42) that limit growth and devote additional efforts to improve follow-up management to prevent failure to thrive.
In contrast to other recent investigations, our large study population was non-migrating, lived in a defined geographic region, and underwent complete genetic and clinical characterization with the clinical categorizations confirmed by blinded algorithmic assessment. Classification tree analyses randomly selected the cut-off values to substratify and define the patient groups. None of the patients migrated to a different group in our automated analysis, nor did any patient exhibit any subsequent signs or symptoms that would indicate a need for different classification. The n and % were adequate for each division, as defined in Figure 2 .
Due to the spectrum of clinical heterogeneity, current newborn CF mutation panels remain a screening tool that cannot supply definitive diagnostic parameters based solely on allelic mutations. While based on rigorous assessment of the impact of each mutation on CFTR function in conjunction with phenotype standards, a recent categorization scheme identifying CFTR mutations as 'CF causing' or of 'variable clinical significance' (2) has limited use in actual clinical decision processes. Therefore, currently, clinical evaluation of sweat chloride levels together with pancreatic function and CFTR mutations remains key for differentiating CF, CFTR-RD, and CRMS (Fig. 3) . Our automated recursive partitioning analysis did not alter the diagnosis of any patient (Fig. 2) , suggesting that integrating clinical information with sweat chloride levels, CFTR genotype, and pancreatic sufficiency provides the clinician with a context for patient classification and prognosis. Centers that do not have extensive experience with newborn screening and the nuances of diagnostic classification in the newborn-screening era may misclassify patients; there is evidence in the CFF registry of poor adherence to published guidelines (personal communication, Dr Bruce Marshall, Vice President of Clinical Affairs of CFF). Specifically, ∼40% of patients within the CFF patient registry who met criteria for CRMS were diagnosed with CF (11), which may indicate a need to increase the monitoring of patients with CRMS, as the progression of this disorder is unknown. Longitudinal data, which are beyond the scope of the present investigation, may extend the definitions of CF-related disorders beyond current consensus-based guidelines and may empower clinicians to craft monitoring and treatment regimens that are more appropriate to nuanced-disease categorizations.
Phenotypic differences exist between individuals with CF and those with CFTR-RD and CRMS (Table 3 ; Fig. 3) ; however, disease progression remains unknown for CFTR-RD and CRMS. In one report, 11% of patients who had elevated IRT levels but were classified as CF screen positive, inconclusive diagnosis later developed CF (4). We are currently following our CRMS patients longitudinally to establish such a reference.
In the absence of a widely used and universally accepted set of diagnostic parameters for CFTR-RD or CRMS, we encourage the use of a working algorithm. CF is likely in cases of abnormal IRT levels, intermediate sweat chloride levels suggestive of abnormal ion transport, and two CFTR mutations. In such cases, an intensive search for a CFTR mutation in the proband and consideration of parental haplotyping are warranted, with follow-up at a CF center. Conversely, although demonstration of only one CFTR mutation and intermediate or normal sweat chloride levels does not rule out CFTR-RD or CRMS, it does appear to exclude a diagnosis of CF, as long as an appropriate mutation panel has been used based on the patient's race and ethnicity, and should prompt more thorough investigation of alternative diagnoses. Sweat chloride levels <30 mmol/l in children younger than 6 months and <40 mmol/l in children 6 months or older are considered normal. In contrast, our data suggest that in rare instances (Table 2) , individuals with CFRD or CRMS exhibit sweat chloride levels in this 'normal' range due to the presence of CFTR mutations that have a subtle functional impact and an indeterminate clinical impact. Importantly, individuals with elevated IRT levels, one CFTR mutation, and a sweat chloride level in the normal range are carriers and do not have CRMS or CFTR-RD.
Note that this algorithm does not incorporate pulmonary function testing because most children diagnosed through newborn screening lack respiratory symptoms and have normal lung function (43) . Our results concur with previous consensus statements and a case report that suggested reserving the CRMS term for newborns with elevated IRT levels that lack clinical symptoms diagnostic of CF (10) . We have retained this terminology for patients who remain asymptomatic.
A limitation of the present cross-sectional investigation is that we were unable to predict whether patients with CRMS and CFTR-RD will continue to exhibit an absence of symptoms or mild clinical courses with regard to pulmonary disease, pancreatic function, airway inflammation, and bacterial infection into adulthood, or whether they will eventually develop symptoms more consistent with CF. Although 94% of individuals with CFTR-RD and 96% of patients with CRMS in our cohorts are younger than 8 years of age at present, and only two patients are older than 18 years, none have shown evidence of bronchiectasis. However, the majority of the examined cohorts were drawn from pediatric centers with young populations of patients that lacked development of the CFTR-RD co-morbidities described by Bombieri et al. (12) , such as congenital absence of the vas deferens, pancreatitis, and/or bronchiectasis, hindering our ability to investigate the long-term clinical courses associated with CFTR-RD and CRMS. Longitudinal integration of clinical, genetic, and non-genetic information from recently adopted universal CF newborn-screening programs may assist the further development of algorithms that predict and accurately classify the phenotypic variability of CF, CFTR-RD, and CRMS.
As most CF patients are now diagnosed through newborn screening, application of genomic sequencing to this population may provide an unprecedented opportunity for novel prognostic and therapeutic interventions and for the generation of guidelines and platforms for other newborn-screening programs (44) , with the caveat that knowledge of the patient's genotype does not necessarily reveal the patient's phenotype, prompting the need for additional functional analyses. With discovery of the gene responsible for CF (45) , it was hoped that knowledge of a patient's genotype would predict disease severity. However, there is no consistent phenotype-genotype correlation, perhaps due to protein-activity thresholds, modifier genes, and/or system dynamics (46) (47) (48) (49) .
A recent description of disease causality in patients with CFTR variants (2) suggests that increased use of sequencing in the clinical setting may address the functional and clinical significance of rare variants, underscoring the importance of collating patient genotype and associated phenotype data for detailed analysis, as we have done here. Close monitoring of these patients over time is warranted to determine whether they eventually develop CF or maintain milder clinical phenotypes. In the newborn-screening era, continued monitoring would strike a balance between the risk of delayed diagnosis of CF, leading to inadequate treatment early in life, and the risk of 'over-medicalization' of patients and families with CFTR-RD or CRMS. With improved methods for distinguishing such patients soon after newborn screening, both prognosis and therapeutic planning can be enhanced.
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